^JAPANESE PATENT OFFICE 



p5 



PATENT ABSTRACTS OF JAPAN 





(ll)Publication number: 06249624 




(43)Date of publication of application: 09.09.1 994 


(51)lnt.CI. 


G01B 11/24 


(21 )Application number: 


(71)Applicant: qPTON CO LTD 


05035634 


(22)Date of filing: 24.02.1993 


(72)lnventor JIYON EMU FUITSUTSU 



(54) INSTRUMENT FOR MEASURING THREE-DIMENSIONAL SURFACE SHAPE 



(57)Abstract: 

PURPOSE: To execute dimension 
measurement, surface inspections, and 
reverse CAD functions on an object to be 
measured by accumulating the XYZ 
coordinate data of the surface section of 
the object at a high speed. 
CONSTITUTION: The title instrument is 
provided with a projector 4 which projects 
the surface section of an object 1 to be 
measured with a fringe pattern and camera 
units 2 and 3 which receive reflected light 
from the surface section and the visual axis 
of the camera unit 2 is deflected from that 
of the projector 4 by 19— to 90—. The visual 
axis of the camera unit 3 is deflected from 
that of the camera unit 2 by at least 3—. In 
addition, the camera unit 2 sends first 
electric signals representing the reflected 
light received by the unit 2 and the camera 
unit 3 sends second electric signals 
representing the reflected light received by the unit 3. 
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SERIES 1 

[Three-Dimensional Engineering] 
Optical Three-Dimensional Measurement 

Edited by Tohru Yoshizawa 



New Technique Communications 



5.1,3 Projection of Color Pattern 

In the conventional systems, monotonous patterns are 
projected as if marking in white and black is done in a 
space. This pattern projection, of course, may be done in 
colors^^' . Particularly as shown in Fig. 5.1.8, it is 
possible to form a continuous color distribution in a space 
by utilizing diffraction phenomena of diffraction grating 
using white light. In this case, the directions of light 
rays, diffracted, are univocally determined depending on 
their wavelengths (colors) , respectively, and therefore, 
the color distribution is done as if ordering was done for 
each of the projected fringes. Accordingly, it becomes 
possible to determine the spatial coordinates in accordance 
with the principle of the tigonometrical survey. However, 
theoretically, it is necessary to identify the color 
(wagelength) . For this reason, it seems necessary to 
obtain the stability and selectivity of wavelengths and to 
cut the peripheral light rays. 

Reference Literature 
[Collectively listed in the end of the next chapter (page 
99) ] 

Fig, 5.1,8 (Translation of the drawing and the reference 

numerals are put on the end of this document,) 
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5.2 Grating Pattern Projection System Three-Dimensional 
Measurement 

by Tohru Yoshizawa, 
Department of Technology, 
Tokyo University of 
Agriculture and Technology 

The grating pattern projection method is one of 
typical active measurements. An example of the optical 
systems is shown in Fig. 5.2.1. As seen in the figure, a 
grating pattern for use as a reference is projected onto an 
object to be measured, and the object is seen from an angle 
different from the projecting direction. Then, it is 
observed that the grating pattern is deformed according to 
the contour of the object (what is called a deformed 
grating image) . That is, in case of a simple planar object, 
a liner grating pattern which is the same as its original 
pattern is observed. In case of a three-dimensional 
irregular object, an original grating pattern therefor 
deforms in accordance with the contour of the object, so 
that the pattern is looked curving. In fact, when a linear 
grating pattern (i.e., a reference grating) (which is 
obtained from a planar object as a reference) is superposed 
on the deformed grating image, contour lines due to so- 
called Moire fringes appear^' . At this point of time, the 
three-dimensional data are included in the deformed grating 
image which is one of the two images superposed on each 
other (because it is impossible to include the three- 
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dimensional data . in the reference grating composed of the 
linear pattern) . Therefore, the Moire fringes are not 
necessarily formed so as to obtain the contour data. The 
basic idea of the grating projection system is therefore 
that the three-dimensional contour of an object is obtained 
by directly analyzing this deformed grating image • 
Fig. 5.2.1 

Supposing that the above deformed grating image is 
taken with a CCD camera in such optical setup as shown in 
Fig. 5,2,1, point P (X,. Y, Z) on the object corresponds to 
a point. p (x, y) on the image-forming plane (viewing plane) . 
of the camera. The coordinate (X, Y, Z) . of point P on the 
object is determined by the following equations (as the 
simplest expression) , 

X = (-bja' + b'x)/H 

Y = (mabja^ + b^ - yb')taneH/H (1) 
Z = { (ma^a^ + b^ - yab)tanej, + y(a^ + b^) }/H 
wherein 

H = (maja^ + b^ - ybytanG^ + mb Ja^ + b^ + ay. 

Fig . 5,2.2 
Fig, 5.2,3 

In the equations, m is an enlargement ratio (or a reduction 
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ratio) for photographing; and 6^ is an angle formed between 
a fringe of order N and the projecting axis. In this 
connection, only one fringe with a different width is 
included as a reference fringe of N = 0 so as to recognize 
the order N. It is thought that the idea of the pattern- 
projection system as described above is to add such an 
active effect that, for example, in case of stereoscopic 
photography, marking by projecting a grating onto an object 
to be measured is done by building a grating in one of two 
cameras. As a definite example, a grating pattern was 
projected onto an object (a Daruma doll) as . shown in Fig . 
5,2,2 (a) so as to form a deformed grating image shown in 
Fig, 5, 2. 2(b). An analysis was made on the deformation of 
the fringe pattern based on this image, so that the result 
shown in Fig. 5,2.3 (a) was obtained^*. In this state, the 
measuring points are limited on the fringes only. 
Therefore, in case where the density of measuring points is 
too coarse, the grating to be projected is slightly shifted 
so as to increase the density of the measuring points. 
Thus, it is possible to obtain close measuring points as 
shown in Fig, 5.2.3 (b) (however, this is not always a 
clever method because the phase shift method has now come 
into wide use) . 

This method makes it possible to analyze, if only a 
grating pattern is projected on an object by any means and 
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a deformed grating image is obtained therefrom. Therefore, 
besides the method of projecting a substantive grating 
using white light, other methods may be possible. The most 
popular method is that interference fringes caused by laser 
beams are utilized for such a small object as shown in Fig. 
5.2.4. The results of the contour analysis are shown in 
Fig. 5.2,5. On the other hand. Fig. 5.2.6 shows a four- 
diameter magnified model of a molar tooth on which 
interference fringes are projected. Such deformed grating 
images are taken in from several directions for analysis of 
the contour thereof. The results are shown in Fig. 5.2.7, 
The contours of the biting face, cross-section, . etc . of the 
molar tooth are easily created. It is, of course, possible 
to create a surface model of a whole of the molar tooth as 
shown in Fig. 5.2.8 by integrally combining the data of 
such contours. It is known from this figure that smooth 
combination of the data is performed. Further, it is also 
possible to make a substantial model of the molar tooth by 
machine grinding as shown in Fig. 5.2.9 under computer 
control using such data. 
Fig, 5,2.4 
Fig. 5.2.5 
Fig. 5,2.6 
Fig. 5,2.7 
Fig. 5.2,8 
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Fig. 5.2.9 
Fig. 5.2.10 

In the above grating pattern projection system, it is 
possible to create the contour of an object in a dynamic 
state (because it is sufficient if only one image can be 
frozen) . For example, it becomes possible to create a 
deforming state of a vibrating disc (24 Hz) as shown in Fig. 
5.2.10 by projecting a grating pattern onto the object with 
a stroboscope to form a deformed grating image. 

. When an image is measured by pattern projection or the 
like, it is needed to increase the density of measuring 
points on an object and eliminate influences of variation 
of the projecting light intensity, the pattern which the 
object initially has, and so on. It is effective to employ 
the phase shift method (fringe-scanning method) as 
described above so as to eliminate the above influences. 
In other words, a plural number of images (generally formed 
on 3 or 4 sheets) which are formed by shifting the phase of 
the projected fringe are used^* • 

Suppose that a grating pattern having a sine 
transmission distribution is projected to an object, and 
that the intensity distribution I (x) of a deformed grating 
image relative to a point x is determined by the following 
equation (2) : 
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I(x) = A(x) + B(x) cos[(|)(x) + a] (2) 
wherein A(x) is a bias component of the intensity 
distribution; B(x) is a contrast component of the fringe; a 
is an initial phase; and <j)(x) is a phase resulting from the 
irregularity of the contour of the object. It becomes 
possible to find the contour of the object based on the 

optical setup if only the phase (|)(x) is known. For example, 
in the four-screen system, the grating is shifted by every 
1/4 pitch while a is changed to zero, n/2, tc, 37t/2 and so 
on, so that images having intensity distributions Iq, Ii, I2/ 
I3 which correspond to the above gratings are introduced.' 
Then, the phase distribution (|)(x) is determined by the 
following equation (3) based on the equation (2) . 

(f)(x) - tan-\l3(x) - Ii(x)/Io(x) - l2(x) (3) 
This facilitates the conversion of the resulting phase 
distribution of the fringes into contour data. 

This process is definitely described with reference to 
Fig. 5.2* 11. Fig.. 5. 2, 11 (a) shows a fringe pattern which 
is projected to the face of a real person. It is desirable 
that the intensity distribution on this reference pattern 
as a prototype should have sine-wave-like intensity, in 
order to strictly apply the phase shift method. It is 
indicated that in case of a binary white-and-black pattern, 
the measuring result has cyclic small errors (which are 
easily known when observing its cross-sectional contour) , 



9 



Analysis of the resulting deformed grating image (a) 
firstly provides a phase distribution (corresponding to the 
elevation of the contour) as seen in Fig. 5.2.11 (b) . 
However, this result is folded back (namely, wrapped) at 
every one cycle. Therefore, it is necessary to 
sequentially connect these results while connecting the 
phases (unwrapping the fringes) . The result of the phase 
connection as shown in Fig. 5.2.11 (c) is obtained anyway, 
although there arises several discussions on how to unwrap 
them. The observation of this result is the easiest way to 
know whether the measurement of the contour has been 
successfully done or not. This figure shows the data of 
the depth from the highest point to the lower portion by 
the variable density. This data of the depth is further 
converted into data of the contour, so that the three- 
dimensional coordinate values of the object can be obtained. 
The results obtained from this figure are shown in Fig. 
5.2.23 put on the end of this chapter. 
Fig. 5.2.11 

To indicate the advantages of the phase-shifting 
system, for example, the mask of a doll which was painted 
white and the mask of a doll which was intentionally 
patterned with an oil paint were used as objects, and their 
contours were measured (by the grating projection method 
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which introduced the phase-shifting system)* Fig. 5,2.12 
shows the results of the measurement using four screens 
which display what does the whitened mask look like when 
phase-shifted by every 90 degrees. This figure shows that 
the measurement was performed at closer intervals than the 
intervals of the projected fringe pattern, and also that 
the irregularity of the contour of the mask was decided. 
Fig; 5.2.13 shows the results of the measurement of the 
patterned mask by the same method. It is apparent that the 
measurement was performed without the influence of the 
painted pattern on the projected fringes and that the same 
result as shown. in Fig. 5.2.12 was obtained. It is 
necessary for the phase-shifting system that . the fringes 
introduced should have a sine-wave-like intensity 
distribution. Otherwise, in case of projecting, 
rectangular-wave grating, similar results to those of the 
sine-wave grating can be approximately obtained because of 
the shading effect. When the pitches of the grating are 
fine, an error is not so remarkable, but when the pitches 
of the grating are coarse, this approximation is not 
established, so that cyclic errors are caused, to which 
special attention must be paid^^ • When a grating of small 
pitches is used, "phase jumping" occurs at a site where 
difference of elevation of an object is large, so that the 
connection of the contours is not successfully done. 



11 



Fig. 5.2.12 
Fig. 5.2.13 

The grating-projection system for profiling (GRASP) 
was first used for diagnosis of scolinosis^* , and it is 
practically used for various commercial fields such as 
making of clothes^^' . . Fig. 5.2.14 shows the results of the 
measurement of the contour of the grooves of a tire surface 
In this case, the measurement is possible without special 
treatment on the surface of the tire (painting or the like) 
Fig.. 5 , 2 . 15 shows . an optical unit for a system for use in 
somatometry. As other practical application, .this system . 
is used for obtaining input data for CAD or CAM^ Fig. 
5.2.16 shows an example of clothes which is made based on 
data of the measurement of a human body using this 
measuring system (the data obtainable by this system are 
relative to the trunk of the body only but not to other 
portions of the body) . Fig, 5.2,17 shows a reduced model 
of a statue of Venus which is formed by measuring the body 
of the Venus statue using this system, converting the 
results into data for CAM, and forming the reduced model 
from a photocurable resin by the three-dimensional 
lithographic technique^^* . Ultraviolet laser beams are 
sequentially irradiated and scanned so as to cure the 
liquid resin to form the model. The model on the left side 
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on the photograph is composed of the surface skin only. 

Examples of the use of this system for the measurement 
of minute surface contours include the measurements of the 
broken section of a metal by tension, and the skin surface 
contour shown in Fig. 5.2.18 (which is an unusual example 
anyway) . This is a trial to find the shapes and 
distribution of wrinkles around the corners of the eyes 
which were caused by aging^®* . As a result, a portion which 
has ever been hard to measure can be measured in quite a 
short time without contacting it. Thus, data for the basis 
of developing cosmetics are now being collected. 
Fig. 5.2.14 
Fig. 5.2.15 
Fig. 5 .2 . 16 
Fig. 5.2.17 
Fig. 5.2.18 

In the meantime, the most keen interest in the above 
image-measuring system is measuring precision, particularly 
precision in the depth direction. As apparent from the 
equation (1), the level of precision has connection with 1) 
an error due to a geometric parameter quantity in 
association with the alignment and setting of the optical 
system, 2) an error due to the aberration of the optical 
system, 3) constraint due to the resolution of a camera. 
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the number of pixcels and the like, and other errors. For 
this reason, there is an idea of "the measuring precision 
is 0,5% of the size of a screen to be measured" which has 
been experimentally set up as one of deliberate criteria. 
However, it is very difficult to accurately check the 
measuring precision of a three-dimensional contour, and 
also there are various opinions on how to display it. 
Further, several discussions have been made on the grating 
projection system. As a result, it is recognized that the 
experimental examination for practical level has produced 

the idea of "a precision of 0.1% (2o) of the size of a 
screen in the center portion of the screen measured" . In 
order to have a higher level of precision, it seems . 
necessary to improve the hardware or to divide the pixels 
by any means . 

The pattern projection method, having been developed 
as above, recently has been achieved to a level of 
commercial production, and many systems which have been 
achieved based on similar principals are now being 
introduced into the market. The latest technical tendency 
is described below by picking up interesting examples from 
such systems^^' , 

Fig. 5.2.19 shows an example of COMET system 
(Steinbichler, Germany) which is used for analysis of a 
projected grating image. According to the material data. 
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it is said that the contour of an object can be computed by 
using not only relative values but also absolute coordinate 
positions (by introducing the idea of the tigonometrical 
surbey) . It is said that the precision of a measuring 
region of 180 x 240 mm is 0.1 mm in the depth direction. 
Fig. 5.2,19 

• In case of OptoShape system of Massen (Germany) (see 
Fig. 5,2.20), the most remarkable feature rests in that a 
pattern is projected by using a liquid crystal grating. 
One of advantages thereof is that the phase of a pattern 
can be shifted without a mechanically moving part. We have 
experimentally known that an error in shift amount due : to 
movement often arises when a grating or the like is moved 
by using a motor or a piezoelectric element. In this view, 
the use of liquid crystal grating makes it unnecessary to 
use such moving parts. In addition, the pattern projection 
method has a problem in that, depending on the contour of 
an object, the projected fringe pattern has too close 
intervals to distinguish them, or that . the fringe is 
discontinued (in case of an object having high undulation) 
to make its corresponding relation indefinite. Therefore, 
it is thought that the use of a liquid crystal grating 
makes it possible to overcome the above problem by 
designing a pattern which has optimal intervals relative to 
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an object and projecting such a pattern to the object. It 
is said that the precision of a measuring head is 0.1 mm 
relative to a measuring region of 140 x 108 x 100 mm. 

As described above, the use of a liquid crystal 
grating is excellent as an idea. However, there still 
remain two actual problems unsolved: one is that to what 
level a refined liquid crystal pattern can be created, and 
the -other is that to what level the gradation of the liquid 
crystal grating can be improved. For the present, it is 
hard that a liquid: crystal grating for use in a projector 
or the like can have a wide range of gradations 
corresponding to a- wide range of voltage. .To achieve this . 
subject matter, it is demanded to develop an element 
suitable for such a purpose without using an existing 
liquid crystal device. 
Fig. 5.2.20 

Finally, there remains a subject matter of achieving 
measurement in a shorter time. Generally, the phase shift 
method is used for analysis of fringe by a computer. In 
many cases, the method using a plural number of images 
which are formed based on the temporal phase-shifting 
system is employed. On the other hand, to measure a 
dynamic object, it is also possible to introduce only one 
fringe image and perform spatial phase-shifting on the 
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image by computer-processing. We take the technique called 
"one-step phase-shifting" as an example of such a trial^°* . 

This idea is effective in case where it is impossible 
to instantly introduce a plurality of images because an 
object thereof rapidly changes with the time as in case of 
measurement of fluid. If this idea is deduced, it becomes 
possible to measure a dynamic change of the contour of an 
object by employing the pattern projection method. Fig. 
5.2.21 shows several of the results of measurement of 
changes of the contour of a vibrating disc with the time, 
wherein the results of such changes are taken at every 1/60 
'sec . . ■ ' • 

The ultimate of time-shortening measurement reaches an 
idea of real time measurement. The real time measurement, 
in many cases, aims at processing by some hardware rather 
than processing by a software using a computer. The 
PROJECT D system (shown in Fig. 5.2.22) which has been 
developed last year by Carl Zeiss (Germany) applies the 
method of real time analysis of interference fringe which 
is developed for measurement of the contour of optics or 
the like, for instantly analyzing a projected pattern so as 
to obtain the contour of an object. According to this 
system, the resolution is 10 |xm when the depth is 140 mm, 
and the time taken in measuring is only 40 m.sec. For 
better understanding of the present state of achieving real 
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time measurement, refer to another chapter in which it is 
described in more detail. 

Once it has become possible to obtain three- 
dimensional coordinate values anyway as described above, 
then, it becomes important how attractively the result is 
displayed. It is. quite tasteless to display only a wire- 
frame-like image, for example, as shown in Fig. 5.2.23(a). 
Thus, there are trials to paste such measured data with the 
same colors and textures as those of a real object. Fig. 
5.2.23(b) shows, one examples of such results in which. the ■ 
color data and surface texture of a real person are .. 
superposed on the data of (a). The resultant image is very 
realistic. In addition, it is, of course, possible to 
sequentially and freely rotate the resultant image or 
irradiate it with light from an optional direction for 
comparison^^* . 

In this chapter, the outline of the present state of 
the pattern projection system has been described. Products 
manufactured based on the above principals already have 
been put on the market, and it is expected that the three- 
dimensional measuring technique will establish its own 
field by further sophisticating the system in the near- 
future. 
Fig. 5.2.21 
Fig. 5.2.22 
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Fig- 5,2.23 
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It is said that this system creates a three- 
dimensional contour by applying a laser beam to resin 
powder according to the data of two-dimensional slices of 
the contour of an object and curing the resin powder, and 
sequentially laminating the cured sections of the slices to 
form a three-dimensional contour. Further, such a three- 
dimensional contour is formed using ceramics, and also, 
there is a trial to form such a three-dimensional contour 
from a metallic substance by using a corpuscular beam 
instead of a laser beam. Recently, there . is reported a 
further trial to form a three-dimensional contour with a 
higher strength by solidifying metal powder by the use of a 
laser beam. In addition, various systems for forming 
three-dimensional contours using liquid photocurable resins 
are proposed in both domestic and foreign countries. In 
the present state of the technique, it will be very easily 
achieved to send a three-dimensional facsimile formed by 
modeling a liquid photocurable resin. As data to be used, 
results based on not only virtual values but also found 
values of actual measurement can be used. For example, the 
contour of an object is formed by Moire fringe, and a resin 
is cured in conformity with the resultant form. Needless 
to say, it is of course possible to enlarge or reduce, or 
modify the contour of a mockup. 
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We are planing to publish several books with the theme 
of "Three-Diitiensional Engineering" as one of "O plus E" 
series. In consideration of "three-dimension", there is a 
tendency to put importance on "three-dimensional display" 
or "three-dimensional measurement". However, these fields 
are having wider and wider ranges, and in association with 
this, importance of "three-dimensional processing" such as 
machine working is increasing. For this reason, this plan 
is intended to integrate various techniques of the relating 
fields and to attract public attention to the necessity to 
newly recognize "three-dimension" from various view points. 
From this point of view, we title this book "Three- 
dimensional Engineering", and venture to ask for public 
opinion by sending out "Optical Three-Dimensional 
Measurement" to the world, standing on our position that 
the use of light makes it possible to measure up to this 
level, firstly, in view of the three-dimensional 
measurement. It would be our pleasure if this book could 
contribute to your initial guidance to "Three-Dimensional 
Engineering" . 
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Translation of the Drawings 

Fig, 5.1.8 Diffracted Light System Apparatus 

(Taj ima, Iwakawa) 

1 = a measuring region, 2 = an ifrared transmission filter, 

3 = a xenon lamp, 4 = a collimator lens, 5 = a slit, 
6 = a diffraction grating, 7 = a cylindrical lens, 

8 = an image pick-up plane (a x-y plane) , 9 = a CCD camera, 
10 = (reference position) , 11 = a computer, 
and 12 = a f r ame memo r y . 

Fig. 5.2.1 Principle of Grating Projection Method 
1 = an object, 2 = a CCD camera, 3 = a projector, 

4 = a grating . 

Fig. 5.2,2 Object (Daruma Doll) and 
Image of Deformed Grating 

(a) An object (dariima doll) 

(b) Image of deformed grating (the thick band is a 
reference) 

Fig. 5.2.3 Display of Measurement Results 

(a) Fringe of 8.9 mm interval on the reference face 

(b) Projected fringe having closer intervals by shifting 
the grating by every 1/4 pitch 

Fig. 5.2.4 Image of Deformed Grating Due to Interference 
Fringe (10-cent coin with 17.8 mm diameter) 



Fig. 5. 2*5 Analysis of Surface Contour of Coin 

(a) Display of a wire frame 

(b) Section A 

1 = height, and 2 = a position (mm) 

(c) Section B 

1 = height, and 2 = a position (mm) 



Fig* 5.2.6 Image of deformed grating obtained by 
projecting interference fringe onto 
a molar tooth (a model magnified 4 diameters) 



Fig. 5.2.7 Analysis of the contour of a molar tooth 
(a model magnified 4 diameters) 



(a) the contour of a cross-section 

(b) the contour of a side. 

1 = a cut position 

(c) the contour of a biting face 



Fig. 5.2.8 Surface Model of Molar Tooth 



Fig. 5.2.9 Restoration of a biting face 
by machine-grinding 



Fig. 5.2.10 Vibrating disc (the left) and 
contour lines (the right) 
The number of vibration is 24 Hz, 



Fig. 5.2.11 Process of Analysis of Image (the final 
results are shown in Fig. 5.2.23.) 



(a) Image of deformed grating 



27 



(b) Result of phase computation 

(c) Result of phase connection (display of the density) 



Fig. 5.2,12 Measurement of Mask of Kewpie Doll 
(Painted White) 

(a) Whitened mask 

(b) Display of a wire frame as the result of measurement 



Fig. 5.2.13 Measurement of Mask of Kewpie Doll 
(Patterned with Color Oil Paints) 

(a) Mask intentinally patterned 

(b) Display of a wire frame as the result of measurement 



Fig, 5.2.14 Measurement of Surface of Tire 

(a) Display of a wire frame 

(b) Contour of the surface grooves 

1 = height, and 2 = a position (mm) 



Fig. 5.2.15 Equipment for Grating-Projection System for 
Profiling (GRASP) 



Fig. 5.2,16 Application to Making of Clothes (Niwa) 

(a) Basic model created by the grating-projection system 

(b) Paper model 

(c) Dress made by decorative designing 



Fig, 5.2.17 Formation of Model Using Photocurable Resin 
(Mitsui Zosen) 
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Fig. 5*2 .IS Measurement of Wrinkles of Eye Corner 
(Shiseido) 

(a) Display of a wire frame as the result of measurement of 
wrinkles 

(b) Profile of the section 



Fig. 5.2.19 COMET System (Steinbichler ) 

(a) External appearance of a measuring section 

(b) Setup of optical system 

1 = a lens, 2 = a CCD camera, 3 = a light source, 
4 = a grating, 5 = a lens, and 6 = an object 



Fig. 5,2.20 Introduction of Image Using OptoShape System 
(Massen) 

1 = an image of deformed grating, 2 = a bias image, 

3 = a contrast image, 4 = a result of computation of the 

phase, 5 = a mask, and 6 = a final phase image. 



Fig. 5.2.21 Example of Measurement of Vibrating Disc 
1 = a rubber plate, and 2 = a linear motor. 



Fig. 5.2.22 PROJECT D System (Zeiss) 



Fig. 5.2.23 Superposition of Texture on Three-Dimensional 
Coordinates 

(a) Display of a wire frame 

(b) Result of superposition of colors and texture 



